The unfolded protein response (UPR) is an ancient signaling pathway that commits to life-or-death outcomes in response to proteotoxic stress in the endoplasmic reticulum (ER). In plants, the membrane-tethered transcription factor bZIP28 and the ribonuclease-kinase IRE1 along with its splicing target, bZIP60, govern the two cytoprotective UPR signaling pathways known to date. The conserved ER membrane-associated BAX inhibitor 1 (BI1) modulates ER stress-induced programmed cell death through yet-unknown mechanisms. Despite the significance of the UPR for cell homeostasis, in plants the regulatory circuitry underlying ER stress resolution is still largely unmapped. To gain insights into the coordination of plant UPR strategies, we analyzed the functional relationship of the UPR modulators through the analysis of single and higher order mutants of IRE1, bZIP60, bZIP28 and BI1 in experimental conditions causing either temporary or chronic ER stress. We established a functional duality of bZIP28 and bZIP60, as they exert partially independent tissue-specific roles in recovery from ER stress, but redundantly actuate survival strategies in chronic ER stress. We also discovered that BI1 attenuates the pro-survival function of bZIP28 in ER stress resolution and, differently to animal cells, it does not temper the ribonuclease activity of inositol-requiring enzyme 1 (IRE1) under temporary ER stress. Together these findings reveal a functional independence of bZIP28 and bZIP60 in plant UPR, and identify an antagonizing role of BI1 in the pro-adaptive signaling mediated by bZIP28, bringing to light the distinctive complexity of the unfolded protein response (UPR) in plants.
INTRODUCTION
Environmental and physiological conditions can interfere with critical biosynthetic processes such as protein folding in the endoplasmic reticulum (ER), and cause a potentially lethal condition known as ER stress. In situations of temporary ER stress, the unfolded protein response (UPR) controls adaptive programs to restore ER homeostasis. During ER stress conditions, the UPR ignites irreversible pathways leading to programmed cell death (PCD), both in animals (Hetz, 2012; Chen and Brandizzi, 2013a) and in plants (Iwata et al., 2008; Watanabe and Lam, 2008; Mishiba et al., 2013; Ruberti and Brandizzi, 2014; Ruberti et al., 2015; Angelos et al., 2017) . Despite the crucial importance of cell-fate determination by the UPR, the coordination of the recovery and apoptotic responses relies on mechanisms that are still largely unknown, especially in plants.
In mammalian cells, the UPR is modulated by three ER stress sensor and transducer proteins: the bifunctional kinase and endoribonuclease inositol-requiring enzyme 1 (IRE1), the membrane-tethered activating transcription factor 6 (ATF6) and the ER-associated kinase R-like endoplasmic reticulum kinase (PERK) (Hetz, 2012) . At the onset of ER stress, IRE1 catalyzes unconventional mRNA splicing leading to the translation of the transcription factor X-box binding protein 1 (XBP1). ATF6, PERK and XBP1 monitor the transcription of UPR target genes to restore ER homeostasis (Yoshida et al., 2001) . In conditions of chronic ER stress when survival signaling responses become insufficient, the UPR commits to cell death through both mitochondria-dependent and -independent pathways (Rodriguez et al., 2011; Lu et al., 2014) .
In the model plant species Arabidopsis thaliana, the UPR is regulated by IRE1 and its mRNA splicing target bZIP60, which are considered the functional homologs of IRE1 and XBP1, respectively (Yoshida et al., 2001) , and by the membrane-tethered transcription factor bZIP28, a functional homolog of ATF6 (Liu et al., 2007) . In chronic ER stress, the simultaneous loss of the two IRE1 paralogs (IRE1A and IRE1B) or the concomitant deletion of bZIP28 and bZIP60 leads to cell death (Nagashima et al., 2011; Chen and Brandizzi, 2012; Mishiba et al., 2013; Sun et al., 2013a) , indicating that IRE1 and bZIP28/bZIP60 are essential to the activation of pro-survival pathways. Notably, in the same conditions, the loss of either bZIP60 or bZIP28 is viable (Sun et al., 2013a) . These findings support the hypothesis that in chronic ER stress, IRE1 executes an essential prosurvival function, independently from bZIP60, and that unlike IRE1 the bZIP28 branch is dispensable.
Contrary to the situation in chronic ER stress, little is known about the role of UPR regulators in recovery from temporary ER stress in plants. In mammalian cells, the three UPR branches (IRE1, ATF6 and PERK) are associated with both pro-survival and pro-apoptotic signaling, but the molecular mechanisms that favor recovery or apoptotic outcomes remain to be fully elucidated. The complexity of the UPR supports the likelihood that the activity of the UPR branches is finely tuned to control cell-fate determination (Hetz and Glimcher, 2009; Chen and Brandizzi, 2013a) . For example, in mammalian cells the amplitude of the IRE1 signaling is regulated by physical interactions with the proapoptotic B-cell lymphoma-2 (BCL-2) family members BAX and BAK (Hetz et al., 2006) , as well as with BAX inhibitor 1 (BI1; Lisbona et al., 2009) . BI1 is an ER-localized transmembrane protein of the transmembrane BAX inhibitor motif family (Rojas-Rivera and Hetz, 2015) , and plays opposite roles during ER stress in animals (Chae et al., 2004; Lisbona et al., 2009) . In ER stress adaptation, BI1 physically interacts with IRE1 through its C-terminal region and negatively modulates IRE1-endoribonuclease activity for the production of XBP1, which results in the attenuation of the pro-survival role of the IRE1/XBP1 branch (Lisbona et al., 2009; Rojas-Rivera and Hetz, 2015) . Conversely, in chronic ER stress, BI1 suppresses ER stress-induced apoptosis, blocking the transmission of death signal(s) from ER to mitochondria (Chae et al., 2004) . Although BAX homologs have not been identified in plants, similarly to human BI1 (Xu and Reed, 1998) , plant BI1 suppress BAX-mediated cell death in yeast, suggesting an evolutionarily conserved function of plant and animal BI1 (Oh et al., 2003) . Based on the sequence similarity of the C-terminal tail of human and Arabidopsis BI1 proteins, a conserved role of BI1 in modulating IRE1 has also been hypothesized (Lisbona et al., 2009) . Indeed, plant BI1 is supposed to monitor the occurrence of cell death caused by ER stress (Watanabe and Lam, 2008) , but a functional connection between BI1 and the plant UPR regulators has yet to be established.
To advance fundamental knowledge of UPR management in life-or-death decisions in plants, we analyzed the ER stress responses of loss-of-function mutants of critical UPR modulators in conditions of either temporary or chronic ER stress. This approach led to the discovery of an unanticipated diversification and tissue specificity of prosurvival strategies mediated by bZIP60 and bZIP28, as well as an unpredicted anti-survival role of BI1 in the modulation of pro-survival signaling mediated by bZIP28 in ER stress recovery. By also demonstrating that unlike animal BI1, plant BI1 does not suppress the IRE1-ribonuclease activity, our results support the evolution of unique features of the UPR signaling circuitry in plants.
RESULTS
bZIP28 and bZIP60 exert partially overlapping and tissuespecific roles in adaptive UPR and in ER stress recovery To date, three main experimental approaches have been implemented in wild-type (WT) plants and various loss-offunction mutants of signaling regulators to define the contribution of the UPR branches in three different contexts of ER stress resolution in plants. First, UPR gene expression analyses in time-course treatments with ER stress-inducing agents, such as tunicamycin (Tm), dithiothreitol or heat (Mart ınez and Chrispeels, 2003; Gao et al., 2008; Nagashima et al., 2011; Brandizzi, 2012, 2013b) , have been used to identify transcriptional regulators of adaptive UPR signaling responses. Second, phenotypic analyses of seedlings treated with a Tm pulse followed by drug washout have been used to evaluate the requirement of UPR branches to overcome temporary ER stress (Mishiba et al., 2013; McCormack et al., 2015) . Third, phenotypic analyses of seedlings directly germinated and grown on ER stressinducing chemicals have been used to evaluate the sufficiency of UPR branches for survival to chronic ER stress (Mart ınez and Chrispeels, 2003; Nagashima et al., 2011; Chen and Brandizzi, 2012; Deng et al., 2013; Sun et al., 2013a) . Phenotypic analyses in chronic ER stress conditions have led to the general conclusion that bZIP28 and bZIP60 have largely overlapping roles in resisting chronic ER stress (Deng et al., 2013; Sun et al., 2013a; see also Figure S2a) ; however, these analyses have not addressed the requirement of the UPR signaling pathways controlled by bZIP28 and bZIP60 for adaptive ER stress and recovery from temporary ER stress. To address this directly, we monitored the induction of BiP3, the most representative biomarker indicator of UPR activation (Iwata et al., 2008; Liu and Howell, 2010; Chen and Brandizzi, 2012) in bzip28 (Gao et al., 2008) , bzip60 (Moreno et al., 2012) and in bzip28 bzip60 (Deng et al., 2013) knock-out plants treated with Tm by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) analyses. We found that unlike bzip60 and bzip28, in WT BiP3 the mRNA abundance increased during Tm treatment (Figure 1a) . The loss of bZIP60, and to a minor extent the loss of bZIP28, caused a reduction of BiP3 induction, which was abolished in the bzip28 bzip60 double mutant (Figure 1a) .
These data support the hypothesis that bZIP28 and bZIP60 contribute largely in parallel to the transcriptional modulation of a common UPR target gene, and that the ER-stress induction of BiP3 transcription predominately relies on bZIP60. We then monitored the expression of ERdj3B, another well-established UPR biomarker gene, in a Tm time-course treatment (Iwata et al., 2008; Liu and Howell, 2010; Chen and Brandizzi, 2012) . ERdj3B expression levels were induced in the WT ( Figure 1b) ; however, ERdj3B upregulation was significantly reduced in bzip28 and in bzip28 bzip60, but not in bzip60, indicating that the transcriptional activation of ERdj3B prevalently depends on bZIP28 (Figure 1b ). Together these results support the hypothesis that bZIP28 and bZIP60 partially modulate (i.e. complementary and overlapping) common adaptive pathways for the regulation of the expression of target genes at the onset of ER stress.
We next aimed to establish the functional relevance of bZIP28 and bZIP60 in overcoming temporary ER stress. To do so, we performed a Tm-pulse (6 h) and drug-washout protocol (Mishiba et al., 2013; McCormack et al., 2015) , followed by measurements of root growth, shoot fresh weight and shoot degreening from the loss of chlorophyll, three well-established hallmarks of defective UPR in plants (Deng et al., 2013; McCormack et al., 2015; Meng et al., 2017) . Intriguingly, we found that compared with the WT, root growth was significantly inhibited in bzip28 and bzip60, and even more severely inhibited in bzip28 bzip60 (Figure 2a,b) . These results and the reproducibility of this observation using a lower Tm concentration ( Figure S1 ) support the hypothesis that bZIP28 and bZIP60 modulate partially overlapping pathways for ER stress recovery in roots. We next monitored shoot fresh weight and shoot degreening. Noticeably in the recovery phase from the Tm pulse, no variations in shoot fresh weight and in chlorophyll content were observed in bzip28 and bzip60; however, a significant reduction was evident in bzip28 bzip60 (Figure 2c ,d,e). These results indicate that bZIP28 and bZIP60 act redundantly in ER stress recovery in aerial tissues. This evidence together with the occurrence of root growth inhibition in either bzip28 or bzip60 (Figure 2a,b) under the same experimental conditions indicates tissuespecificity for the requirement of these effectors in ER stress resolution.
bZIP60 has IRE1-independent functions in ER stress recovery
We next aimed to establish the role of bZIP60 in relation to IRE1 in ER stress recovery. At the onset of ER stress, IRE1 catalyzes the unconventional cytoplasmic splicing of bZIP60 mRNA, which leads to the translation of the transcription factor SbZIP60 (spliced bZIP60; Deng et al., 2011; Nagashima et al., 2011) . After translocation into the nucleus, SbZIP60 modulates the expression of UPR target genes to overcome ER stress (Deng et al., 2011) . Although bZIP60 is believed to operate in a linear pathway downstream of IRE1 (Nagashima et al., 2011) , IRE1 assumes both bZIP60-dependent and -independent roles in chronic ER stress resolution and in tissue growth (Chen and Brandizzi, 2012; Deng et al., 2013) . Indeed, unlike bZIP60 (Figure S2a, b) , IRE1 is essential to overcoming chronic ER stress, and is necessary for the growth of the primary root (Chen and Brandizzi, 2012; Deng et al., 2013; Figure S2c,d) . To establish the role of the IRE1/bZIP60 branch in ER stress recovery, we analyzed the WT, the ire1a ire1b double qRT-PCR of the induction of ERdj3B transcript under the same conditions as described in (a). Gene expression was normalized to UBQ10 for each sample and values are presented relative to the indicated DMSO control, which was set to 1. Error bars represent SEMs among three replicates (*P < 0.05; **P < 0.01; ****P < 0.0001; ns, not significant).
mutant (herein dubbed ire1 dm) and the ire1 dm bzip60 triple mutant (Deng et al., 2013) in recovery from Tm-pulse treatment. Because of the well-established hypersensitivity of ire1 dm to ER stress agents, we adopted a permissive concentration of Tm to discern phenotypic responses in various backgrounds. We found that compared with the WT, ire1 dm had a significant reduction in root elongation, shoot fresh weight and chlorophyll content ( Figure 3 ). Intriguingly, in ire1 dm bzip60 the primary root elongation, shoot fresh weight and chlorophyll content were significantly reduced compared with ire1 dm and with the WT (Figure 3 ). This is in net contrast with the evidence that in chronic ER stress conditions genetic deletion of bZIP60 in ire1 dm has no effect on root elongation, compared with ire1 dm (Deng et al., 2013 ; Figure S3 ). Therefore, our results uncover a critical contribution of bZIP60 to ER stress recovery that is independent of IRE1 ribonuclease activity.
BI1 does not modulate the IRE1/bZIP60 branch of the UPR under ER stress
We next aimed to probe a functional genetic relationship of BI1 with the plant UPR modulators for ER stress management. Therefore, we tested bi1 loss-of-function mutations ( Figure S4a,b) under ER stress. Unlike a previous report (Watanabe and Lam, 2008) , we did not find statistical differences in bi1-2 phenotypic responses compared with the WT in recovery and chronic ER stress (Figures S2c, ). The reproducibility of this observation in a different bi1 allele (bi1-1; Figure S4c -g) supports the hypothesis that in our experimental conditions BI1 is dispensable in ER stress responses. Further evidence for these findings was gathered through a genetic approach based on analyses of an ire1 dm bi1-2 triple mutant. We compared the ability of ire1 dm bi1-2 to overcome ER stress with bi1-2, ire1 dm and the WT. By testing the recovery from temporary ER stress ( Figure 4 ) and exposure to chronic ER stress-inducing conditions ( Figure S2c ,d), we found that unlike bi1-2, ire1 dm showed significant inhibition of primary root elongation, shoot fresh weight and chlorophyll content, compared with the WT, in agreement with an essential pro-survival role of IRE1 in plant UPR (Chen and Brandizzi, 2012; Mishiba et al., 2013; Nagashima et al., 2011 ; see also Figure 3 ); however, ire1 dm bi1-2 displayed a markedly similar sensitive phenotype to ire1 dm. This observation was reproducible in the different bi1 allele ( Figure S5 ). These analyses support a dispensable role of BI1 in recovery and chronic ER stress. In mammalian cells, BI1 downregulates the ribonuclease activity of IRE1a, which in turn decreases the levels of spliced XBP1 and consequently attenuates the UPR pathway triggered by IRE1a-XBP1 (Lisbona et al., 2009) . Mammalian and Arabidopsis BI1 proteins show conservation of their C-terminal sequence, which has been involved in the inhibitory function of BI1 upon IRE1a in animal cells (Lisbona et al., 2009) . In order to test whether BI1 could modulate the splicing activity of IRE1 in plants, we measured the abundance of the spliced form of bZIP60, as a diagnostic element for IRE1 RNase-activity (Moreno et al., 2012; Deng et al., 2013) , in bi1-2 compared with the WT and ire1 dm treated with Tm. qRT-PCR analyses showed that in ire1 dm, SbZIP60 transcripts were significantly reduced compared with the WT (Figure 5a ), as would be expected because of the absence of IRE1 in these genetic backgrounds. No significant differences in the levels of SbZIP60 mRNA were observed in the WT and bi1-2 treated with Tm, however, both in whole seedlings (Figure 5a ) and in the root (Figure 5b) , an organ in which we observed a contribution of bZIP60 at phenotypical levels in ER stress recovery (Figure 2a,b) . Our data indicate that in contrast to mammalian BI1, plant BI1 does not modulate IRE1 ribonuclease activity under ER stress. The evidence that the mRNA levels of an IRE1/bZIP60 signaling reporter BiP3 (Iwata et al., 2008; Liu and Howell, 2010 ; Figure 1a ) increased 4 h after Tm treatment to similar levels, both in WT and bi1-2, and both in whole seedlings ( Figure 5c ) and in roots (Figure 5d ), but were severely affected in ire1 dm, indicates that BI1 does not have transcriptional control over the expression of UPR genes primarily regulated by the IRE1/bZIP60 branch under ER stress. These results are in agreement with earlier evidence that UPR marker genes are expressed to wild-type levels in bi1 upon short-term Tm treatment (Watanabe and Lam, 2008) . Together these results indicate that BI1 does not modulate IRE1 splicing activity and downstream UPR gene activation in conditions of ER stress, revealing a lack of functional conservation among BI1 proteins in eukaryotes.
IRE1/SbZIP60 UPR branch modulates BI1 expression under ER stress
Expression of Arabidopsis BI1 is induced under ER stress (Watanabe and Lam, 2008) , but the underlying transcriptional modulators of such an induction are unknown. To define the signaling arm necessary for the transcriptional induction of BI1 in conditions of ER stress, we compared BI1 mRNA levels in the WT, ire1 dm, bzip60 and bzip28 upon Tm treatment using qRT-PCR analyses, and we established that the WT induction of BI1 was severely reduced in ire1 dm and bzip60, but not in bzip28 (Figure 5e ). In agreement with previous microarray results (Iwata et al., 2008) , these findings indicate that the IRE1/ bZIP60 branch controls the transcriptional induction of BI1 under conditions of ER stress (Figure 5e ). These data are also consistent with our results (Figure 1 ) supporting a diversification of UPR signaling pathways controlled by bZIP60 and bZIP28.
BI1 functions to repress the pro-adaptive role of bZIP28 under ER stress recovery BI1 is transcriptionally upregulated under ER stress by IRE1/bZIP60 (Figure 5e ), despite being dispensable for coping with both temporary and chronic ER stress (Figures S2c,d and S4c-g), and not having an influential role on ER stress responses mediated by IRE1/bZIP60 (Figures 4 and 5a-d). Then we asked whether BI1 could play a role in UPR management in relation to bZIP28. To test this, we generated a bzip28 bi1-2 double mutant and evaluated ER stress resistance compared with the WT, bzip28 and bi1-2 in recovery from ER stress and under chronic ER stress. In recovery from temporary ER stress treatment, the root growth elongation of bzip28 was strongly reduced compared with the WT. In net contrast the root elongation of bzip28 bi1-2, even if severely reduced compared with the WT, was statistically different compared with bzip28, with bzip28 having the most severe phenotype (Figure 6a,b) . Both the shoot fresh weight and the content of chlorophyll were similar in the WT, bi1-2, bzip28 and bzip28 bi1-2 (Figure 6c-e) , however, suggesting that BI1 and bZIP28 are dispensable for shoot growth in ER stress recovery, in agreement with our results showing tissue differentiation of ER stress responses in these genetic backgrounds (Figure 2) . The partial rescue of sensitivity to Tm in bzip28 bi1-2 compared with bzip28 in roots, and the reproducibility of this observation in a different bi allele ( Figure S6 ), strongly supports an unexpected role for BI1 as an antagonistic effector upon the signaling controlled by bZIP28 in ER stress recovery in roots (Figure 6a,b) . In contrast with the hypersensitive phenotype of bzip28 and bzip28 bi1-2 in ER stress recovery, under chronic ER stress these two mutants displayed similar tolerances compared with bi1-2 and the WT ( Figure S2 ). These findings are in accordance with our results showing a lack of visible phenotype of bzip28 and bi1-2, compared with the WT, under chronic ER stress ( Figure S2 ).
Then, we tested whether BI1 could modulate adaptive signaling regulated by bZIP28 at the onset of ER stress. To test this we monitored the induction of ERdj3B, the Figure 5 . Under short-term endoplasmic reticulum (ER) stress, BI1 is not involved in modulating the IRE1/bZIP60 branch of the UPR, whereas it is transcriptionally modulated by IRE1/bZIP60. Abundance of spliced bZIP60 mRNA in the indicated genetic backgrounds after a 4-h pulse treatment with 0.5 lg ml À1 tunicamycin (Tm) or DMSO (control, CNT) in the whole seedlings (a) and in roots (b). qRT-PCR analysis of the induction of BiP3 transcript in the indicated genetic backgrounds after a 4 h pulse treatment with 0.5 lg ml À1 Tm or DMSO (control, CNT) in whole seedlings (c) and in roots (d) . (e) qRT-PCR analysis of the induction of BI1 transcripts in the indicated genetic backgrounds under the same conditions as described in (a). Gene expression was normalized to UBQ10 for each sample and values are presented relative to the indicated DMSO control, which was set to 1. Error bars represent SEMs among three replicates (*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant).
upregulation of which in ER stress depends prevalently on bZIP28 (Figure 1b ; Liu and Howell, 2010) , in the WT, bi1-2, bzip28 and bzip28 bi1-2. Compared with the WT, the transcriptional induction of ERdj3B was significantly reduced in bzip28 and bzip28 bi1-2 (Figure 7 ), as expected with the absence of bZIP28 in these genetic backgrounds. No significant differences were observed in transcript levels between WT and bi1-2 in whole seedlings (Figure 7a ), shoots ( Figure 7b ) and roots (Figure 7c ), indicating that the loss of BI1 does not affect UPR gene modulation regulated by bZIP28 under short-term ER stress.
DISCUSSION
The UPR is ubiquitous among eukaryotes, and serves to facilitate protein folding and attenuate proteotoxic stress in the ER. The ER stress signaling network must be finely tuned, therefore, for sensing and responding to misfolded protein accumulation in the ER, or for committing to cell death in the case of unresolved ER stress. How the regulatory branches of the UPR work coordinately to ensure cell homeostasis or cell death initiation is still largely unknown, especially in plants. The functional relationships among the UPR modulators uncovered in our study advance the current understanding of the signaling structure underlying UPR sufficiency in ER stress responses, and provide unexpected insights into the strategies underlying recovery from temporary ER stress in plants. Specifically, our results provide evidence for tissue-specific differentiation of the prosurvival role of bZIP60 and bZIP28 in ER stress recovery, as well as a role of bZIP60 in UPR that is independent from IRE1. They also attribute an unpredicted role of plant BI1 in the management of UPR that is executed by antagonizing the pro-survival signaling of bZIP28 in ER stress resolution.
Together these results reveal a previously underestimated . nder short-term endoplasmic reticulum (ER) stress, BI1 is not involved in modulating the bZIP28-target gene, ERdj3B. The abundance of ERdj3B transcripts in the indicated genetic backgrounds was established by qRT-PCR after a 4-h pulse treatment with 0.5 lg ml À1 tunicamycin (Tm) or DMSO (control) in the whole seedlings (a), in the shoots (b) and in the roots (c). Gene expression was normalized to UBQ10 for each sample and values are presented relative to the indicated DMSO control, which was set to 1. Error bars represent SEMs among three replicates (**P < 0.01; ***P < 0.001; ns, not significant).
partial independence and tissue specificity of the signaling pathways controlled by the canonical UPR modulators in ER stress resolution; they also identify an unexpected functional relationship between bZIP28 and BI1 in cell-fate decisions, and highlight that plants have evolved unique strategies for the control of ER stress responses.
Divergence of signaling strategies under short-term ER stress, in recovery from temporary ER stress and under chronic ER stress
The current understanding of the contribution of various plant UPR modulators to ER stress resolution has established that bZIP60 and bZIP28 are signaling components that share redundant pro-survival roles (Deng et al., 2013; Sun et al., 2013a) . The results presented here expand this view by providing evidence that the sufficiency of adaptive UPR signaling depends on partially overlapping pathways controlled by bZIP28 and bZIP60. These transcription factors are known to bind different cis-regulatory elements in the promoter region of UPR target genes. For example, bZIP60 directly binds the cis-element pUPRE-III (Sun et al., 2013b) , whereas bZIP28 binds the ERSE-I element with the assistance from the transcription factors NF-Y (Oh et al., 2003; Liu and Howell, 2010) . We speculate that the different abilities of bZIP28 and bZIP60 to bind cis-regulatory elements of UPR genes may underlie the observed differences in transcriptional modulation of UPR target genes. The diversification of downstream signaling pathways controlled by bZIP60 and bZIP28 is likely to amplify the spectrum of available ER stress defense strategies that plants can use to efficiently restore ER homeostasis. On the other hand, the actuation of converging pro-survival strategies by bZIP28 and bZIP60 to resist chronic ER stress is likely to result from the activity of factors independently or partially controlled by either transcription factor upon common downstream effectors. Independently from the identity of such effectors, our results support the hypothesis that adaptive and chronic responses are modulated by different pathways controlled by bZIP28 and bZIP60. These findings underscore a higher level of complexity of the plant UPR circuitry than has previously been known. Evidence for the tissue specificity of UPR regulation is rapidly emerging from studies in intact non-plant organisms, showing diversification of the functional relevance of the UPR arms in ER stress resolution in various organs (Cornejo et al., 2013) . A verified high expression of bZIP60 in pollen led to the suggestion of tissue specificity of UPR regulation in plants (Iwata et al., 2008) . By demonstrating that bZIP28 and bZIP60 independently promote resistance to ER stress-induced inhibition of root growth in ER stress recovery (Figure 2a,b) , but largely share overlapping roles in ER stress tolerance in shoot growth (Figure 2c,d,e) , our results support the existence of specific growth-promoting targets of bZIP28 and bZIP60 in roots but not in shoots in ER stress resolution. The demonstrated ability of bZIP28 and bZIP60 to bind different regulatory elements of UPR genes (Oh et al., 2003; Liu and Howell, 2010; Sun et al., 2013b) may also be responsible for the observed differences in functional relevance of bZIP28 and bZIP60 in shoots or roots. In this view, in conditions of ER stress recovery, root and shoot growth may be controlled by various effectors regulated predominantly by either bZIP28 or bZIP60; however, such effectors may be functionally independent in root growth, but they may share overlapping roles in shoot growth.
IRE1-independent role of bZIP60 in ER stress recovery
As demonstrated by different phenotypical responses of ire1 dm and bzip60 mutants under conditions of physiological or induced ER stress (Chen and Brandizzi, 2012; Deng et al., 2013;  Figure S3 ), plant IRE1 has cytoprotective roles that are independent from bZIP60. It has also been recently suggested that in plants, similar to animal cells where unspliced XBP1 mRNA is translated and involved in UPR stress responses (Yoshida et al., 2006; Yanagitani et al., 2009) , unspliced bZIP60 may have a role in ER stress responses (Henriquez-Valencia et al., 2015) . The result that a loss of bZIP60 exacerbates the growth phenotype of ire1 dm in ER stress resolution provides experimental support to this hypothesis by demonstrating that bZIP60 contributes to ER stress recovery independently from IRE1.
The evidence that BI1 modulates the cyto-protective bZIP28 denotes unique features of the plant UPR signal circuitry
In animal cells, various roles of BI1 emerge in dependence of the cell type and experimental conditions (Chae et al., 2004; Lisbona et al., 2009; Lee et al., 2011; Li et al., 2014) . The general picture is that in ER stress, BI1 negatively regulates the pro-adaptive IRE1/XBP1 branch of the UPR, but it assumes an anti-apoptotic role under severe ER stress (Chae et al., 2004; Lisbona et al., 2009) . Prior to this work, the functional relationship of plant BI1 with the canonical UPR modulators was undefined. Earlier work indicated a requirement for BI1 to resist ER stress in Arabidopsis (Watanabe and Lam, 2008) . Although we were unable to reproduce the findings ( Figures S2 and S4) , abundant evidence argues against functional conservation of BI1 across eukaryotes. For example, a lack of conservation between plant and animal BI1 protein has been established in relation to the ER calcium-leak role observed for BI1 in animals, but not in plants (Bultynck et al., 2012) , and for the modulation of the accumulation of ER-generated reactive oxygen species (ROS) by BI1 established in animals (Kim et al., 2009) , but not in plants ( Kawai-Yamada et al., 2004) . Furthermore, in animals BI1 negatively regulates autophagy under nutrient starvation (Castillo et al., 2011) , whereas in plants it activates autophagy, inducing cell death (Xu et al., 2017) . In agreement with these findings, in our work we have demonstrated that the loss of BI1 does not affect plant ER stress resistance, supporting the hypothesis that the anti-apoptotic role of BI1 is not conserved. The evidence provided here that, unlike in animal cells (Lisbona et al., 2009) , plant BI1 does not modulate IRE1 splicing activity and downstream UPR gene activation under conditions of ER stress further supports a lack of functional conservation among BI1 proteins in eukaryotes. Despite evidence that the cellular availability of BI1 does not influence IRE1 ribonuclease activity, we have shown that BI1 acts as a negative regulator of the function of bZIP28 in ER stress recovery. These findings attribute a functional role to plant BI1 in UPR management strategies by demonstrating an antagonizing function on pro-survival signaling routes in ER stress resolution. The evidence that such a role occurs in ER stress recovery rather than under chronic ER stress conditions, as it occurs in animal cells (Chae et al., 2004) , further highlights the plant-specific features of UPR management in eukaryotes.
Concluding remarks
Our work demonstrates that the main plant UPR modulators -IRE1, bZIP28 and bZIP60 -can actuate either divergent or convergent ER stress-resolution strategies, depending on the duration of ER stress and the type of tissue. Our experiments also established that in ER stress recovery, the cell death modulator BI1 has a role in the UPR through the attenuation of the pro-adaptive role of bZIP28, independently of the regulatory role on IRE1. Based on these results, we propose a model for the architecture of the signaling circuitry for ER stress resolution in plants that can be summarized as follows ( Figure S7 ). Under ER stress, IRE1 catalyzes the unconventional splicing of bZIP60 mRNA. As activated transcription factors, bZIP60 and bZIP28 only partially overlap in the transcriptional modulation of the same UPR target genes. Among the UPR genes, BI1 is upregulated by IRE1/bZIP60, but not by bZIP28. During ER stress recovery, essential pro-adaptive roles are carried out in roots and in shoots by IRE1, mainly through bZIP60-independent pathways, and by the concomitant function of bZIP28 and bZIP60, which have IRE1-dependent and -independent roles. Moreover, in roots but not in shoots bZIP28 and bZIP60 have partially overlapping roles and BI1 attenuates pro-adaptive signaling controlled by bZIP28. IRE1 and the concomitant function of bZIP28 and bZIP60 are essential to cope with chronic ER stress, whereas BI1 is dispensable. Therefore, the circuitry of the signaling pathways controlled by the canonical UPR regulators to restore ER homeostasis after the cessation of ER stresscausing conditions differs from chronic ER stress-resolution strategies. By establishing this distinction, our study uncovers the existence of functional modules in the plant UPR that are based on the actuation of partially overlapping survival strategies that depend on the type of ER stressinducing conditions affecting the plants.
EXPERIMENTAL PROCEDURES
Plant materials and abiotic stress assays bi1-1 (SALK_127173), bi1-2 (GABI_117B05; Watanabe and Lam, 2008) , ire1a ire1b (Nagashima et al., 2011; Chen and Brandizzi, 2012) , bzip28 (Gao et al., 2008) , and bzip60 (Moreno et al., 2012) were acquired from the Arabidopsis Biological Resource Center (https://abrc.osu.edu). ire1a ire1b bzip60 triple and double mutants were provided by Prof. S.H. Howell (Iowa State University at Ames; Deng et al., 2013) . Seeds were sterilized as described by Chen and Brandizzi (2012) , plated on half-strength Linsmaier and Skoog (LS) medium, 1.0% w/v sucrose and 1.2% Agar (Acumedia, http://www. spectrumchemical.com/OA_HTML/lab-supplies-products_Agar-Select_ 313387.jsp?minisite=10020&respid=22372) at 4°C in the dark for 2 days and then transferred to a controlled growth chamber (continuous white light at 21°C). The genotyping and isolation of multiple T-DNA insertion mutants were accomplished as described in Chen and Brandizzi (2012) , and the T 2 generation was used for ER stress sensitivity analyses. Primers are listed in Table S1 .
For temporary ER stress recovery assays, pulse treatment with tunicamycin (Tm, T7765, dissolved in DMSO; Sigma-Aldrich, https://www.sigmaaldrich.com) was conducted by transferring 5-day-old seedlings from solid to liquid medium containing 0.5 lg ml À1 Tm for 6 h, followed by transfer to solid medium without Tm and 4 days of culture. To discern the ER stress responses of the triple mutant ire1 dm bzip60, the Tm-pulse treatment was performed using 0.3 lg ml À1 Tm for 3 h.
For chronic ER stress assays, seeds were directly germinated on 0.020 lg ml À1 Tm-containing medium for 14 days, as described in Chen and Brandizzi (2013b) . For assays with ire1 dm bzip60, media with 0.015 lg ml À1 Tm were used. The experiments were repeated at least three times and the results of a representative experiment are presented here.
RNA extraction and quantitative RT-PCR analysis
RNA extraction and qRT-PCR were performed in triplicate, as described by Chen and Brandizzi (2012) . Relative transcript levels were normalized to that of UBQ10 and expressed as the fold change (mean AE SEM) in each genotype. Values are representative averages from three technical replicates. Similar patterns of expression were observed in three independent biological replicates. Statistical significance was established with the Student's two-tailed t-test, assuming equal variance.
Phenotypical analyses
The relative root growth and the relative fresh weight was calculated as described by Meng et al. (2017) . Chlorophyll (chl) content was quantified as described previously (Barnes et al., 1992; Ni et al., 2009) , and the relative value was calculated as (chl Tm / chl DMSO ) in each genotype. Statistical analyses included the Student's two-tailed t-test, assuming equal variance. At least three independent experiments were performed in at least eight replicates with 50-70 seedlings for each genotype.
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Additional Supporting Information may be found in the online version of this article. Figure S1 . bZIP28 and bZIP60 have partially distinct roles in ER stress recovery in roots. Figure S2 . bZIP28/bZIP60 and IRE1 are essential to cope with chronic ER stress. Figure S3 . bZIP60 has IRE1-dependent roles under chronic ER stress. Figure S4 . Two independent alleles show that BI1 is not essential to ER stress recovery. Figure S5 . IRE1 has an essential BI1-independent role in ER stress recovery. Figure S6 . BI1 antagonizes the pro-survival role of bZIP28 in temporary ER stress recovery. Figure S7 . Proposed working model of plant UPR branches in ER stress recovery gathered from this study. Table S1 . Primer list.
